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ABSTRACT: Poly(2-cyano-p-phenylene terephthalamide) (CY-PPTA) was obtained by the polycondensation of terephthaloyl dichloride

and 2-cyano-p-phenylene diamine in the mixture of N-methyl-2-pyrrolidone (NMP) and calcium chloride (CaCl2). Washing the poly-

merized product with water and drying at the elevated temperature inevitably left a small amount of polymerization residues which

could be eliminated only by additional washing with acetone. The thermogravimetric and 1H-/13C-NMR analyses revealed that the

residues were largely composed of NMP which existed as a complex with the polymer. The complex was broken up between 200 and

300 8C and evolved 5 wt % of gaseous products, which had an adverse effect on the physical properties of as-spun CY-PPTA fibers

obtained by dry jet-wet spinning. The heat treatment of the as-spun fibers including residual NMP exhibited some porous morphol-

ogy on the fiber surface due to the evolved gases. However, the existence of the residual NMP had little effect on the intrinsic viscos-

ity and liquid crystalline phase behavior of the polymer. Both rheological and optical properties exhibited the critical concentration at

3 wt % with the clear schlieren texture of nematic liquid crystalline phase. The inclusion of residual NMP decreased dynamic viscos-

ity and yield stress. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43672.
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INTRODUCTION

Para-Aramids, in which more than 85% of amide groups are

attached to aromatic rings, give excellent mechanical and ther-

mal properties because of high molecular rigidity and strong

intermolecular interactions.1–3 The interactions are derived from

regular stacking of aromatic rings and hydrogen bonding of

amide groups. These lead to high degree of molecular orienta-

tion and lyotropic liquid crystalline behavior. Thus, they are

recommended to produce high tensile strength and modulus

fiber through dry jet-wet spinning.4–6 Such high performance

enables the aramid fibers to be widely used in the production

of bullet proof vests, protective apparels, aircraft body parts,

and electromechanical cables.7,8 Poly(2-cyano-p-phenylene ter-

ephthalamide) (CY-PPTA) is one of para-aramids where a

nitrile group is attached to the phenylene diamine unit.9,10 The

randomly introduced nitrile groups would give an advantage of

organo-solubility in the mixture of N-methyl-2-pyrrolidone

(NMP) and calcium chloride (CaCl2).

The use of NMP, one of highly polar organic solvents, was fre-

quently reported to generate extraordinary strong complexes

with polar groups of polymer chains. Ponzio et al.11 investigated

the influence of NMP residue on physical properties of polyani-

line film where hydrogen bonding is formed between carbonyl

groups of the solvent and hydrogens in the amine groups of

polyaniline chains. The solvent molecules hindered the doping–

dedoping process and could not be completely removed by

water washing. The residual solvent complex was reported to be

removed by heat treatment or protonation–deprotonation cycle

process. The infrared spectra of polyaniline film exhibited that

the carbonyl group peaks of NMP complex decreased via heat-

ing the film at 200 8C for 30 min. In the protonation–deproto-

nation cycle of polyaniline film, HCl solutions where the

polyaniline film was soaked produced the delocalized radical

cations resulting in partially positive charges on the amine

nitrogen. This indicates that the complex is broken up by weak-

ening hydrogen bonding. Nakauchi et al.12 also reported that

NMP and poly(m-phenylene isophthalamide) form crystalline

complex and coexist in the crystal lattice.

The polymerized CY-PPTA solutions in NMP/CaCl2 has a high

potential of in situ dry jet-wet spinning, which may reduce con-

tamination and production cost. However, we found out that a

small amount of NMP remained as a complex in the in situ dry

jet-wet spun CY-PPTA fibers after normal washing and drying
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processes, which could be removed only by additional washing

with acetone. Moreover, the complex was retained even in the

solution state after the re-dissolution with NMP/CaCl2 unlike

the previous studies investigating the bulk. In this study, we

identified and measured the residual polymerization solvent in

the as-spun CY-PPTA fibers and examined their effects on the

physical properties of CY-PPTA solutions and fibers.

EXPERIMENTAL

Materials

EP grade NMP (Daejung Chemicals Co., Korea) and HPLC

grade water (Daejung Chemicals Co., Korea) were used without

further purification. CaCl2 (JunseiChemical Co., Japan) was

vacuum dried 24 h prior to use. Terephthaloyl chloride (TPC)

and calcium oxide (CaO) were purchased from Aldrich Co.

(USA). TPC was purified by vacuum distillation. CY-PPTA

solution was prepared by the polycondensation of terephthaloyl

dichloride (TPC) and 2-cyano-p-phenylene diamine (CYPPD).

Firstly, CaCl2 was dissolved in NMP, followed by the addition

of CYPPD in nitrogen purging. After CYPPD was completely

dissolved, TPC was added with vigorous stirring. Then, CaO

was added to neutralize the polymerized solution after the com-

pletion of polymerization. Then 15 wt % CY-PPTA solution

Figure 1. The overall washing procedure to prepare CYP-W, CYP-A, and RA solutions. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 2. The TGA thermograms of CYP-W and CYP-A in N2 atmosphere

at the heating rate of 10 8C/min.

Figure 3. Photographs of fresh and heat-treated at 300 8C CY-PPTA pow-

ders. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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with 8.2 wt % of CaCl2 and 76.8 wt % of NMP was obtained.

CY-PPTA including residual NMP (CYP-W) was obtained by

spilling the polymerized solution into the water bath where water

was mechanically stirred, then the mixture was grinded in the

home mixer. CYP-W powder was vacuum dried for 24 h to com-

pletely remove water. CY-PPTA without residual NMP (CYP-A)

was prepared by extracting the NMP residue from CYP-W with

acetone for 12 h, followed by 24 h vacuum drying to completely

remove acetone. The acetone including NMP by washing CYP-W

powder was named as RA solution. The overall washing proce-

dure is shown in Figure 1. CYP-W and CYP-A powders were re-

dissolved in the mixture of NMP and CaCl2 where the salt and

polymer contents were 5 and 12 wt %, respectively. The solutions

were mechanically stirred 48 h at 60 8C. The 0.01–0.9 g/dL and

2–10 wt % solutions of CYP-W and CYP-A were prepared by

adding additional solvent to 15 wt % of CYP-W and CYP-A solu-

tions, respectively. CY-PPTA fibers were prepared by direct dry

jet-wet spinning of in situ polymerized CY-PPTA solution dope

composed of 15 wt % of CY-PPTA, 8.2 wt % of calcium chloride

(CaCl2), and 76.8 wt % of NMP.

Measurement of Physical Properties

RA solution was dried at 60 8C for 24 h to remove acetone and

then measured by 1H- and 13C-NMR. The spectra were

obtained on a JEOL Oxford 600 spectrometer operating at 600

MHz. Deuterated dimethyl sulfoxide (DMSO-d6) was used as a

solvent. The thermal properties of CYP-W and CYP-A powders

were examined by thermo-gravimetric analysis (TGA; Pyris 1,

Perkin–Elmer, USA) at the scanning rate of 10 8C/min under

nitrogen atmosphere. The thermodesorption analysis of the

CYP-W powder was carried out with Perkin–Elmer Turbo

Matrix Automated Thermal Desorber 350 at 300 8C for 30 min.

The generated outgas from the thermal desorber was analyzed

by gas-chromatography and mass-spectrometry (QP-2010 Series

GC/MSD system, SHIMADZU, Japan).

The reduced viscosity (gred) and inherent viscosity (ginh) of CY-

PPTA solutions were measured by Ubbelohde viscometer

(Schott Co., Germany) and calculated by eqs. (1) and (2),

respectively,

gred5
t2to

toc
(1)

ginh5
ln ðt=toÞ

c
(2)

in which, c is concentration and to and t are the efflux time of

the solvent and the polymer solution, respectively. The rheologi-

cal properties of CY-PPTA solutions were measured by AR-550

(TA instruments, USA). Parallel-plate geometry with a diameter

of 40 mm and the gap of 800 lm was adopted. The strain level

Figure 4. Tds-GC-MS plot for the outgas analysis at 300 8C.
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for the solution was 5%. The samples were placed in the plates

for 20 min to fully relax the residual stresses of the solutions.

To prevent the solvent evaporation, heavy mineral oil (Sigma

Aldrich Co., USA) was covered on the edge of the plates.

Dynamic frequency sweep experiment was conducted over the

frequency range of 0.05–200 rad/s. The liquid crystalline tex-

tures of CYP-W and CYP-A solutions were observed by a polar-

ized optical microscope (Olympus BX51, Japan) with CCD

camera (Olympus DP70, Japan). The tensile test was conducted

with a universal testing machine (Instron 4465 model, USA) at

30 8C. The crosshead speed was 10 mm/min. Measurement was

repeated six times for each sample and the average values were

taken as data. The field emission scanning electron microscopy

(FE-SEM) images of the fractured surface of the as-spun and

heat-treated fibers were obtained using a JEOL JSM-6340F

(Japan) to evaluate the morphology.

RESULTS AND DISCUSSION

TGA thermograms of CYP-W and CYP-A powders are shown in

Figure 2. Both powders show a rapid decrease of weight in the

vicinity of 480 8C due to the thermal decomposition.13 However,

CYP-W powder gives an additional sudden reduction of weight,

5 wt %, over the temperature range of 200–300 8C, suggesting

the evaporation of some volatile components. In addition, the

dark-red CYP-W powder turned to a yellow color after heat

treatment for 30 min at 300 8C, almost the same color as the

CYP-A powder as shown in Figure 3. This suggests that both

CYP-W and CYP-A may have similar physical state after the

elimination of the volatile components. The chemical composi-

tion and structure of the loss material are traced by using tds-

Figure 5. (a) 1H- and (b) 13C-NMR spectra of the residual solution (RA).

Scheme 1. Schematic representation of physical states of free and hydrogen bonded NMP molecules in CY-PPTA solution. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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GC-MS. Figure 4 shows the tds-GC-MS spectrum of CYP-W

powder at 300 8C. A strong peak is observed at the retention

time of 19.2 min, at which 99.7 wt % of the gas was captured.

The mass-spectrum of the captured gas informs that the outgas

is mostly composed of NMP. This is further supported by
1H-/13C-NMR spectra of RA solution as shown in Figure 5. The

peaks of the residues extracted from the CYP-W powder by

additional acetone washing correspond to NMP.

It is worth noting that NMP molecules, whose boiling point is

200 8C, are retained up to 300 8C in the TGA thermogram of

the CYP-W powder. This indicates that the residual NMP mole-

cules are more strongly captured by CY-PPTA chains than when

they are in bulk state.14,15 Highly polar organic solvents are

known to form extraordinary strong bonds or complexes with

polar groups of polymer chains, which are often called the

“bound organic solvent.”16–18 NMP, one of the highly polar

organic solvents, is a strong hydrogen bonding acceptor. Thus,

NMP molecules form hydrogen bonding with amide groups of

CY-PPTA chains in the solution as shown in Scheme 1. Then

NMP molecules can be divided into two categories according to

their physical state in the solution. One is free NMP molecules

which generate dipolar interactions each other and the other is

bound NMP molecules which form hydrogen bonding with CY-

PPTA chains. Free NMP molecules would be easily washed with

water but the bound NMP molecules could remain in the CYP-

W powder.

The introduced cyano groups to both sides of CY-PPTA chain

would give rise to the organo-solubility of CY-PPTA by making

effective hydrogen bonding more difficult. At the same time,

however, pendant cyano groups would form a complex. Once

NMP molecule is confined in the powder hydrogen bonded

with the amide group, adjacent polar cyano group strongly

polarizes NMP molecule through dipole–dipole interactions as

illustrated in Scheme 2. This means two kinds of interactions,

Table I. Overall and Individual Solubility Parameters of Acetone, NMP,

and PPTA at 25 8C

Solubility parameter (MPa1/2)

d dd dp dh

Acetone 20.1 15.5 10.4 7.0

NMP 22.9 18.0 12.3 7.2

PPTA 23.0 18.0 11.9 7.9

The solubility parameter is given by the sum of the dispersion (dd), polar
(dp), and hydrogen bonding (dh) contributions; d25 d2

d 1d2
p 1d2

h .

Figure 6. Plots of gred and ginh against concentration for CY-PPTA solu-

tions at 30 8C.

Figure 7. The critical concentration curves of CY-PPTA solutions at 0.5

rad/s. The solvent for the solutions is composed of NMP containing 5 wt

% of CaCl2.

Scheme 2. Schematic representation of NMP molecules generating

dipole–dipole interaction with the cyano group and hydrogen bonding

with the amide group of CY-PPTA chain. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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hydrogen bonding and dipole–dipole interaction, should be

provided to eliminate this complex. That is, it is hard to remove

it through the simple re-dissolution process with NMP, but

additional washing the CYP-W powder with acetone can extract

the residual NMP. Table I lists the solubility parameters of

NMP, acetone, and poly(p-phenylene terephthalamide) (PPTA).

The overall solubility parameter (d) is calculated by the sum of

the dispersion (dd), polar (dp), and hydrogen bonding (dh) con-

tributions (d25d2
d1d2

p1d2
h), which represents the strength of

physical bonding of a material.19 As expected, all have similar

values of dh term. Then, the effective elimination of the residual

NMP molecules from the CYP-W powder is ascribable to close

to dh term between acetone and NMP.

The reduced viscosity (gred) and inherent viscosity (ginh) of CY-

PPTA solutions are plotted against concentration in Figure 6.

Extrapolating the gred and ginh curves to zero concentration

gives intrinsic viscosity [(g)] which is a measure of coil dimen-

sion of a polymer in a solvent.20,21 In the figure, CYP-W and

CYP-A solutions give almost the same value of [g]. This means

that bound NMP molecules hardly change the hydrodynamic

volume of CY-PPTA chains in the solution. In other words, the

existence of the residual NMP complex has little influence on

the conformation of CY-PPTA chains.

Figure 7 shows the critical concentration (C*) curve of CY-

PPTA solutions. Both solutions exhibit comparable lyotropic

liquid crystalline behavior with a clear C* at 3 wt %. Polarized

Figure 9. Plots of yield stress (G00y ) against concentration of CY-PPTA sol-

utions. The solvent for the solutions is composed of NMP containing 5

wt % of CaCl2.

Figure 10. The TGA thermograms of as-spun and heat-treated fibers in

N2 atmosphere at the heating rate of 10 8C/min.

Figure 8. Polarized optical micrographs (1003) of CY-PPTA solutions.

The units in the left column stand for the concentration of CY-PPTA sol-

utions in NMP containing 5 wt % of CaCl2. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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optical micrographs of CY-PPTA solutions visually verify the

phase behavior. In Figure 8, 2 wt % solutions do not develop

any texture but the schlieren texture of nematic liquid crystal-

line phase starts to be observed at 3 wt % in both solutions.

These results suggest that the C* is little affected by the presence

of the NMP complex. The C* is known to be determined by

the aspect ratio of a rod-like polymer.22 The conformation of

linkage groups in the rod-like polymer is a key factor for the

aspect ratio of the polymer. Then, the comparable phase behav-

ior is ascribed to the similar conformation of CY-PPTA chains

in both solutions, which well coincides with the [g] result.

In Figure 7, however, the dynamic shear viscosity (g0) of CYP-A

solutions is much higher than that of CYP-W solutions. In

polar polymers, the strong intermolecular interactions of polar

groups between polymer chains bring about the increase of

apparent viscosity. Thus, the lower viscosity of CYP-W solutions

suggests that bound NMP complex may hinder hydrogen bond-

ing between amide groups of CY-PPTA chains. As a result,

CYP-A solutions would generate more heterogeneous internal

structures through the strong intermolecular interactions. The

heterogeneity of a polymer solution can be further ascertained

by the presence of yield stress, the threshold energy to break

pseudo-structures. It can be determined by eq. (3),

G001=25Gy
001=21K 0x1=2 (3)

in which, G00 is loss modulus, Gy
00 is yield stress, K0 is constant,

and x is frequency.23–25 The yield stress obtained from the

intercept of G00-axis at x 5 0 is shown in Figure 9. On the

whole, CYP-A solutions give greater values of yield stress than

CYP-W solutions. Consequently, the elimination of the residual

NMP molecules seems to be more efficient for intermolecular

interactions between CY-PPTA chains.

The direct dry jet-wet spinning of the in situ polymerized CY-

PPTA solution dope undoubtedly leaves some residual NMP in

the as-spun fibers. TGA thermograms of the as-spun fibers pre-

pared by normal water washing and fibers prepared by heat

treatment of the as-spun fibers for 30 min at 300 8C are shown

in Figure 10. The as-spun fibers show 5 wt % weight reduction

Figure 11. FE-SEM images of the fractured surface of CY-PPTA fibers; (a) and (b) for as-spun fibers, and (c) and (d) for heat-treated fibers.
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over the range of 210–350 8C similar with the CYP-W powder,

suggesting that the residual NMP in the fibers may evaporate

during the heat treatment. This can be morphologically verified

by SEM images of the fractured surface of the heat-treated

fibers in Figure 11. The evaporation of the residual NMP leaves

porous and rough surface in the heat-treated fibers while the

as-spun fibers show a smooth surface. Figure 12 shows the ten-

sile properties of the as-spun and heat-treated fibers. As

expected, the heat-treated fibers shows large drop of tensile

properties compared to the as-spun fibers. Voids generated by

the solvent evaporation decreases the compactness of the fibers,

reducing the initial modulus of the fibers. Further, such holes

play a role of defect in the heat-treated fibers, bringing about

the earlier fracture of the fibers with lower elongation at break

and tenacity. Consequently, the toughness of the heat-treated

fibers is much lower than that of the as-spun fibers.

CONCLUSIONS

The polymerized CY-PPTA solution left some residual NMP

after normal water washing and drying processes due to strong

hydrogen bonding between NMP and amide groups of CY-

Figure 12. Tensile properties of heat-treated and as-spun fibers of CY-PPTA: (a) tenacity, (b) initial modulus, (c) elongation at break, and (d) toughness.
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PPTA. The NMP complex could be removed only by additional

acetone washing. It gave rise to some porous morphology in the

fiber which deteriorated the tensile properties of the fiber. The

NMP complex affected the rheological properties of CY-PPTA

spinning dope but had little influence on the conformation and

liquid crystalline behavior of CY-PPTA.

ACKNOWLEDGMENTS

This work was supported by the Industrial Strategic Technology

Development Program (10042636, Development of para-Aramid

Fibers Spinnable in Organic Solvent) funded by the Ministry of

Trade, Industry and Energy (MOTIE) of Korea.

REFERENCES

1. Cai, G. M.; Yu, W. D. J Therm. Anal. Calorim. 2011, 104, 757.

2. Perepelkin, K. E.; Andreeva, I. V.; Pakshver, E. A.;

Morgoeva, I. Y. Fibre Chem. 2003, 35, 265.

3. Zhu, D. J.; Mobasher, B.; Vaidya, A.; Rajan, S. D. Compos.

Sci. Technol. 2013, 74, 121.

4. Hong, S. M.; Kim, B. C.; Kim, K. U.; Chung, I. J. Polym. J.

1991, 23, 1347.

5. Picken, S. J.; Sikkema, D. J.; Boerstoel, H.; Dingemans, T. J.;

van der Zwaag, S. Liq. Cryst. 2011, 38, 1591.

6. Son, T. W.; Kim, B. C. Polym. Int. 1992, 28, 55.

7. Garcia, J. M.; Garcia, F. C.; Serna, F.; de la Pena, J. L. Prog.

Polym. Sci. 2010, 35, 623.

8. Zhu, D.; Mobasher, B.; Erni, J.; Bansal, S.; Rajan, S. D. Com-

pos. A 2012, 43, 2021.

9. Park, S. Y.; Lee, S. W.; Oh, T. J. J. Appl. Polym. Sci. 2006,

102, 640.

10. Park, S. Y.; Lee, S. W.; Oh, T. J.; Blackwell, J. Macromolecules

2005, 38, 3713.

11. Ponzio, E. A.; Echevarria, R.; Morales, G. M.; Barbero, C.

Polym. Int. 2001, 50, 1180.

12. Nakauchi, J.; Kakida, H.; Minami, S.; Yoshihara, T. J. Polym.

Sci. Polym. Lett. 1977, 15, 527.

13. Oh, T. J.; Nam, J. H.; Jung, Y. M. Vib. Spectrosc. 2009, 51,

15.

14. Geng, Y. H.; Li, J.; Jing, X. B.; Wang, F. S. Synth. Met. 1997,

84, 97.

15. Hatakeyama, T.; Inui, Y.; Iijima, M.; Hatakeyama, H. J.

Therm. Anal. Calorim. 2013, 113, 1019.

16. Eom, Y.; Kim, B. C. Polymer 2014, 55, 2570.

17. Kalapos, T. L.; Decker, B.; Every, H. A.; Ghassemi, H.;

Zawodzinski, T. A. J. Power Sources 2007, 172, 14.

18. Kim, Y. S.; Dong, L. M.; Hickner, M. A.; Glass, T. E.; Webb,

V.; McGrath, J. E. Macromolecules 2003, 36, 6281.

19. Brandrup, J.; Immergut, E. H.; Grulke, E. A. Polymer Hand-

book, 4th ed.; Wiley-Interscience: New York, 1999.

20. Al-Itry, R.; Lamnawar, K.; Maazouz, A. Polym. Degrad. Sta-

bil. 2012, 97, 1898.

21. Brunchi, C. E.; Morariu, S.; Bercea, M. Colloid Surf. B 2014,

122, 512.

22. Flory, P. J. Proc. R. Soc. London Ser. A 1956, 234, 73.

23. Chae, D. W.; Kim, B. C. Compos. Sci. Technol. 2007, 67,

1348.

24. Hu, Q. M.; Huang, G. S.; Zheng, J.; Su, H.; Guo, C. J.

Polym. Res. 2012, 19, 6.

25. Kwon, Y. J.; Hong, S. M.; Koo, C. M. J. Polym. Sci. Part B:

Polym. Phys. 2010, 48, 1265.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4367243672 (9 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l
	l



